Sterilized soil samples (20 g of soil per 50-ml flask), amended with 600 ,ug of glucose-carbon and 60 p.g of NH4-N * g of dry soil-1, were inoculated with bacteria (Pseudomonas paucimobilis) alone or with bacteria and amoebae (Acanthamoeba polyphaga). We used wet-dry treatments, which involved air drying the samples to a moisture content of approximately 2% and remoistening the samples three times during the 83-day experiment. Control treatments were kept moist. In the absence of amoebae, bacterial populations were reduced by the first drying to about 60% of the moist control populations, but the third drying had no such effect. With amoebae present, bacterial numbers were not significantly affected by the dryings. Amoebal grazing reduced bacterial populations to 20 to 25% of the ungrazed bacterial populations in both moisture treatments. Encystment was an efficient survival mechanism for amoebae subjected to wet-dry cycles. The amoebal population was entirely encysted in dry soil, but the total number of amoebae was not affected by the three dryings. Growth efficiencies for amoebae feeding on bacteria were 0.33 and 0.39 for wet-dry and constantly moist treatments, respectively, results that compared well with those previously reported for Acanthamoeba spp.
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Protozoa influence microfloral community structure by selectively limiting the size of bacterial populations in soil (21, 22) . Although protozoa are unable to completely eliminate their bacterial prey, these microscopic predators play a key role in regulating the numbers of bacteria in soil (7, 12, 13) .
The role of protozoa in nutrient cycling seems to be essential to the functioning of ecosystems. In aquatic (18, 19) and terrestrial (27) ecosystems, protozoa enhance mineralization of nutrients immobilized in the microbial biomass by consuming bacteria and excreting excess nutrients. Microcosm studies have shown greater mineralization of carbon, nitrogen, and phosphorus in soil containing bacteria and amoebae than in soil containing bacteria without amoebae (1X4, 9, 11).
Active trophic protozoa are limited to moist environments because they need an area of unprotected cell membrane for feeding (24) . Desiccation inhibits the feeding activity of protozoa and induces encystment (29) . Bacteria have no obvious protective response to drying. Soulides and Allison (26) found that the drying of soil reduces bacterial populations by as much as 85% but that two more similar successive treatments have no significant effect.
Soil protozoa have two major ecological roles: influencing the structure of the microfloral community and enhancing nutrient cycling; both activities are directly related to the activity of soil protozoa feeding on bacteria. In this study, we investigated the effects of wet-dry cycles, perturbations commonly encountered by soil organisms, on interacting amoebal and bacterial populations in soil microcosms to obtain information about the nutritional relationship between amoebae and bacteria.
MATERIALS AND METHODS
Soil microcosms used in this experiment were similar to those of Coleman et al. (3, 4) . Each consisted of 20 g of Olney sandy loam soil (fine, loamy, mixed, mesic, ustollic haplargid) in a 50-ml Erlenmeyer flask that was closed with a cotton stopper and sterilized for 48 h in a saturated propylene oxide atmosphere.
The species of bacterium, Pseudomonas paucimobilis (17) , and amoeba, Acanthamoeba polyphaga, were isolated from the rhizosphere of blue grama (Bouteloua gracilis (H. B. K.) Griffiths) collected from the Bacteria were cultured without shaking at 26°C in a standard reference soil solution (RSSB) containing salts, 0.2% glucose (wt/vol), and 50 ppm of asparaginenitrogen (16) . Inocula were taken from actively growing 24-h cultures which had been started from 24-h cultures. Bacteria were washed and resuspended in autoclaved RSS (RSSB without glucose and asparagine).
Amoebae were cultured axenically in Neff amoebal saline (20) amended with 1% (wt/vol) proteose peptone (Difco) and 1% (wt/vol) glucose. Cultures were incubated at 26°C without shaking in flasks treated with Siliclad (Clay-Adams). Inocula were taken from 7-day cultures and washed in autoclaved RSS.
Microcosms were inoculated aseptically with 1 ml of a sterile nutrient solution, 1 ml of the bacterial suspension, and either 1 ml of sterile RSS or 1 ml of the amoebal suspension, thus bringing the soil moisture level to 15%, or approximately field capacity. The nutrient solution provided 600 ,ug of glucose-carbon * g of dry soil-' (600 ppm) and 60 ,g of (NH4)2SO4-N * g of dry soil-' (60 ppm). Bacteria and amoebae were inoculated at 6.25 x 105 and 1.47 x 104 cells -g of dry soil-', respectively.
Microcosms were incubated at 25°C in sealed 0.5-liter glass jars with a cup containing 1.8 ml of 1 N NaOH for CO2 absorption. Carbon dioxide evolution was determined by acid-base titrimetry to the phenolphthalein endpoint, using BaCI2 as the carbonate precipitant.
The microcosms to be dried were removed on days 10, 31, and 52 from their 0.5-liter jars and placed in a forced air current, where they were dried. Moisture loss at the end of the drying period (day 14) was determined by weight, and sterile distilled water was added to the dry microcosms to bring the soil moisture up to the initial level. The control microcosms were kept moist throughout the experiment.
Three replicate microcosms for each treatment were destructively sampled on days 24, 31, 76, and 83. On day 24, the wet-dry microcosms had been incubated in a moist state for 10 days and then dried for 14 days. They were remoistened and sampled again 7 days later (day 31). After a second similar drying, remoistening, and incubation, the microcosms were dried a third time and sampled on day 76. The final sampling time was 7 days after remoistening (day 83). The constantly moist controls were sampled on the same days as those on which the wet-dry treatments were sampled.
Bacterial numbers were determined on nutrient agar by the dilution plate count method.
Amoebal numbers were determined from most probable number estimates, using the modified dilution technique of Darbyshire et al. (8) . Each amoebal count obtained was a mean of two determinations made in microtiter dilution plates, each containing eight rows of 12 wells; 12 twofold serial dilutions were used. Cyst counts were obtained from soil samples which were first treated with 2% (vol/vol) concentrated HCI (-0.25 M) for 24 h (5) to kill trophozoites. The number of trophic amoebae in the soil was calculated as the difference between the estimates of amoebal numbers for acid-treated and untreated soil samples.
Results were statistically analyzed by analysis of variance. The experimental design included a built-in interaction between the experimental factors of moisture and time; thus, the eight combinations of two moisture treatments and four sample dates were treated as eight levels of one experimental factor; the second experimental factor was the presence of amoebae. Comparisons of individual time-moisture levels or combinations of these levels were accomplished by linear treatment contrasts (25) .
RESULTS AND DISCUSSION
The first 24 days of this experiment yielded results similar to those of previously published experiments (3, 4) . During this period, carbon dioxide evolution alone was assayed as an indication of biotic activity. Respiration reached its greatest rate (12.7 ,ug of C02-C * g of soil-' V h-1) on day 2 (Table 1) . By day 10, CO2 evolution had dropped to -2 ,ug of C02-C * g of soil 1 * h-1 and remained low for the remainder of the experiment. Carbon dioxide evolution did not increase consistently when dry soils were remoistened on days 24, 52, and 76.
Bacterial population densities showed some response to wet-dry cycles but were influenced to a greater degree by the presence of amoebae (Fig. 1) . On day 24, bacterial numbers in samples containing only bacteria were significantly (P < 0.05) depressed by drying. The dry soil samples with and without amoeba contained about one-third fewer bacteria per gram of dry soil than did the moist controls. After the third drying (day 76), bacterial populations once again tended to be smaller in the dry soil, but the difference was not significant (P = 0.18). It is possible that the first drying killed some cells which had, in the laboratory cultures, lost their ability to survive in dry soil; thus, the first drying left only cells which were resistant to desiccation and were able to survive subsequent dryings. Soulides and Allison (26) noted that the bacterial populations of nonsterilized soil are reduced by an initial drying, but two more dryings in succession have little effect on bacterial numbers.
Amoebal grazing lowered bacterial numbers (compared with the number of samples containing only bacteria) throughout the experiment in the constantly moist soil but only on the last two sampling dates in wet-dry soil (Fig. 1) . On day 24, grazed bacterial populations in the wet-dry treatments were apparently limited by some factor other than amoebal feeding. Seven days after the soil was remoistened (day 31), amoebal grazing was still not limiting, perhaps because the bacteria, the amoebae, or both were slow to recover from the first drying.
Amoebae require water to move and feed, and trophic forms cannot survive very dry conditions; however, three wet-dry cycles had little effect on the total numbers of amoebae (Table  2 ). When the soil water level dropped, the amoebae encysted, and no active forms were found in the dry soil. Even under favorable soil moisture conditions, a sizeable portion of the population (42 to 83%) was still encysted (Table  2) , perhaps because the food supply was inade- (12) (13) (14) employed mostly ciliates and flagellates, which are capable of moving through the soil solution more rapidly than amoebae.
An estimate of the growth efficiency of amoebae in the moist microcosms was obtained by dividing the amount of amoebal biomass carbon produced by the amount of bacterial biomass carbon consumed by the amoebae. We made the conservative assumptions that bacteria did not regrow and replace consumed cells and that no bacterial death occurred other than by amoebal grazing. The amount of bacterial biomass consumed by amoebae was then estimated as the difference between the grazed and ungrazed bacterial populations on each sample date. The amount of amoebal biomass carbon produced from the bacterial biomass carbon ingested was estimated as the carbon content of the total amoebal population on each date (the carbon content of the inoculum was negligible). conversion factor of 0.65 g [dry weight] and the assumption that 50% of the dry weight was carbon [28] ) and an amoebal carbon content of 6.0 * 10-4 ,g of C-1 * amoeba-' (3), we estimated that amoebal growth efficiencies ranged from 0.22 to 0.57, with a mean of 0.39 ,ug of amoebal biomass carbon produced per ,ug of bacterial biomass carbon ingested (Table 3) .
Plotting bacterial populations against amoebal populations for all microcosms on all dates revealed a consistent inverse relationship between these variables only in wet-dry microcosms 7 days after remoistening (Fig. 2) . In this remoistened soil, the bacterial and amoebal populations were behaving consistently, whereas in the moist samples, the populations were not, precluding the observation of an inverse relationship between bacterial and amoebal numbers in these treatments. The inverse relationship between the total amoebal populations, active and inactive, and bacterial numbers merely reflected the relationship for the active forms and the fairly constant trophic/cystic ratio in the remoistened microcosms.
Regression analysis of the points along the lines in Fig. 2 indicates that the inverse relationship between bacterial numbers and numbers of total and trophic amoebae in the remoistened soil was linear (total amoebae: r2 = 0.997; P < 0.01; trophic amoebae: r2 = 0.972; P < 0.05). Although the correlation was high, there were a limited number of points for only two sample dates (day 31, when amoebal populations were still small, and day 83, after amoebal populations had grown considerably).
The y-intercepts of both regression lines were approximately equal. These values, 2.865 x 109 and 3.075 x 109, were the bacterial densities predicted for bacteria which had not been fed on by amoebae; these densities were close to those observed in the microcosms containing bacteria only (Fig. 1) . The slopes of the lines were used to estimate the number of bacteria required to produce one amoeba and, therefore, the amoebal growth efficiency. The slope of the line for the total population gave an underestimation of this value, because only the trophic portion of the population contributed to the decline of the bacterial population. The slope of the regression line for trophic amoebae was -0.826 x 109/1 x 105 = -8,260. Therefore, the bacterial population was reduced by about 8,300 cells per trophozoite. The amoebae were reproducing during this 7-day period after remoistening; thus, 8,300 bacterial cells were ingested by amoebae for each new amoeba added to the population. Using the same bacterial and amoebal carbon contents used above for the calculation of amoebal growth efficiencies in constantly moist soil (Table 3) , we calculated the amoebal growth efficiency in remoistened soil to be 0.33, which agrees well with the value in Table 3 .
These values are estimates of the maximum amoebal efficiency; the calculations assumed that the bacteria were not reproducing while being fed upon. If the bacteria were reproducing, the actual amount of bacterial carbon ingested would be greater than the values used for these calculations. Growth The genera of the bacterium and amoeba used in this study (Pseudomonas and Acanthamoeba, respectively) are well adapted to life in soil with a fluctuating moisture content. Although the bacterial populations were reduced by the first drying period, two subsequent drying periods had no significant effect on bacterial numbers. In constantly moist soil, amoebal grazing limited bacterial numbers throughout the experiment, whereas in wet-dry soil, this was true only on the last two sampling dates. Amoebal grazing reduced bacterial populations to similar levels in the two moist treatments.
The amoebal population was entirely encysted in dry soil, allowing amoebae to endure three dryings with no significant reduction in population density. A sizeable portion of the amoebal population (42 to 83%) was encysted even under favorable soil moisture conditions. Amoebae in the wet-dry treatments, where population growth was discontinuous, apparently reproduced more rapidly at times than did the amoebae in the constantly moist treatment, where population growth was presumably continuous; thus, the population levels in the constantly moist and wet-dry treatments were similar to each other. Amoebal growth efficiencies in wetdry and contantly moist treatments were also similar to each other.
